Background. Iron-deficiency anemia is by far the most widespread micronutrient deficiency disease in the world, affecting more than 2 billion people. Although there are multiple causes of anemia, its high prevalence among children-especially in developing countries such as Kenya-is attributed to an inadequate intake of dietary iron.
Introduction
Unquestionably, childhood iron-deficiency anemia, with its functional consequences, remains one of the most severe and important pediatric nutrition problems in developing countries today [1, 2] . In this regard, Kenya is no exception. In a national survey of anemia conducted in 12 representative districts in 1999 by the Kenya Medical Research Institute in conjunction with other stakeholders, anemia was classified as a nationwide public health problem of a scale sufficient to impede socioeconomic growth. The survey also indicated that the highest prevalence of anemia was among children under 3 years of age. On the basis of information about dietary aspects, illness, and selected socioeconomic factors associated with iron and irondeficiency anemia gathered during the survey, the cause of about one-half of cases of anemia among children in Kenya is believed to be iron deficiency resulting from an inadequate intake and availability of dietary iron [3] . Because the transition from exclusive or almost exclusive breastfeeding to solid foods occurs during the time when infant iron stores would be decreasing, low bioavailability of iron from complementary foods is an important cause of childhood anemia that can be addressed. The first critical window for preventing anemia is at 6 months of age, when complementary feeding commences [4, 5] .
Over the past decade, food-based approaches aimed at improving the bioavailability of iron from complementary foods have been designed and implemented, especially in developing-country settings [6] . One popular approach is food-to-food fortification or diet diversification. Food-to-food fortification is used interchangeably with diet diversification, and is defined as a food-based strategy aimed at improving iron nutrition by either including foods in the diet that can promote non-heme iron absorption, or excluding foods in the diet that can inhibit non-heme iron absorption. This approach utilizes combinations of foods that both supply adequate levels of iron and contain promoters of iron availability. This approach usually involves traditional home-based recipes. This strategy is thought to have great potential for infant feeding, since it utilizes locally available foods and can be implemented in resource-poor settings [7] . In addition, one of the guiding principles for complementary feeding of the breastfed child recommends that complementary foods be introduced at 6 months (180 days) while continuing to breastfeed [8] . Although human milk contains a small quantity of highly bioavailable iron, ongoing research does suggest that some of its components may promote the bioavailability of iron from complementary foods [9, 10] .
The purpose of this study was threefold: to assess iron bioavailability in vitro from common ingredients used to prepare complementary food porridges in Kenya, to determine whether strategies such as food diversification using locally available foods would improve the bioavailability of iron from these foods, and to assess the effect of human milk on the bioavailability of iron from complementary foods.
Materials and methods
Experiments Experiment 1. One gram dry weight of autoclaved, lyophilized, and ground samples was used in the experiment to determine the amount of bioavailable iron in dry porridge ingredients. Experiment 2. The purpose of this experiment was to determine the potential of Kenyan complementary food recipes produced by food-to-food fortification or diet diversification by mothers in Kenya. The ingredients and proportions in the recipes were based on popular mixes used by mothers in Kenya (table 1). One gram of the dry mix was boiled in 10 mL of water for 10 minutes in a water bath at 100°C, and the resulting gruel was assessed for bioavailable iron. Experiment 3. One purpose of this experiment was to compare home recipes with similar compositions but different cereal bases. The goal was to determine if foodto-food fortification should merely seek to maximize the iron content of the porridge mixes. Another purpose of this experiment was to compare the home recipes with popular complementary food flours manufactured and sold in Kenya. A third purpose was to compare the iron adequacies of the home recipes and popular complementary food flours manufactured and sold in Kenya with that of a fortified complementary food such as Cerelac. Cerelac, manufactured by Nestlé, is one of the most popular commercially available fortified baby foods in Africa and has previously been used in a number of experiments as a reference standard for various nutrients [11] [12] [13] . Cerelac was used in our study as a reference standard for the amount of bioavailable iron. The Cerelac samples were prepared according to the label instructions, and the other flours were cooked by boiling 20 g of flour in 200 mL of water for 20 minutes; the resulting porridges were analyzed for the amount of bioavailable iron. Experiment 4. The purpose of this experiment was to determine the effect of human milk on the amount of bioavailable iron in complementary foods. Corn porridge was selected as the complementary food for this experiment because it is the most common form of complementary food offered and is the grain of choice for food aid, especially during the dry season or during periods of food shortage. The porridge was prepared by boiling 20 g of corn flour in 200 mL of water for 20 minutes; increasing amounts of human milk (0.25, 0.50, 1.0, and 2.0 mL) were mixed with 1 mL of the porridge, and the resulting samples were analyzed for iron bioavailability.
Mineral analysis
Mineral analysis of the samples was conducted by inductively coupled plasma-emission spectroscopy (ICAP model 61E Trace Analyzer). Samples of 0.3 g dry weight were weighed into borosilicate glass test tubes and chemically digested with 1 mL of 100% HNO 3 at 120°C. After the samples were completely dry, a further 1 mL of 100% HNO 3 was added at 150°C until the residue was light brown to yellow in color. Then 1 mL of HNO 3 :HClO 4 at a 1:1 volume ratio was added, and the temperature was increased to 180°C for 2 hours and then to 240°C until the digested samples were dry. The samples were later dissolved in 5% (vol/vol) HNO 3 before analysis on the spectroscope. 
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Phytate analysis
Phytate was analyzed by acid extraction of the dry samples, followed by liquid chromatography [14] . The samples were analyzed with a Dionex Liquid Chromatograph System with the use of PO 4 and phytate standards (IP 5 and IP 6 ) dissolved in 0.125% (vol/vol) H 2 SO 4 .
The results are expressed as micromoles of phytate per gram (dry weight).
Chemicals, enzymes, and hormones
Unless otherwise stated, all chemicals, enzymes, and hormones were purchased from Sigma Chemicals Co.
Cell culture
Caco-2 cells were obtained from the American Type Culture Collection at passage 17 and used in experiments at passages 25 to 33. Cells were seeded at a density of 50,000 cells/cm 2 in collagen-treated six-well plates (Costar Corp.). The cells were grown in Dulbecco's Modified Eagle Medium (GIBCO) with 10% (vol/vol) fetal calf serum (GIBCO), 25 mmol/L HEPES, and 1% antibiotic antimycotic solution (GIBCO). The cells were maintained at 37°C in an incubator with a 5% CO 2 /95% air atmosphere at constant humidity, and the medium was changed every 2 days. The cells were used in the iron uptake experiments at 13 days postseeding.
In vitro digestion and harvesting of Caco-2 cell monolayers for ferritin analysis
Preparation of the digestion solutions (pepsin, pancreatin, and bile extract) and in vitro digestion and harvesting of the cell monolayers was performed as previously described [15] . Exactly 1.0 g of dry samples or 1.0 mL of liquid samples was used for each sample digestion.
Food samples
Corn 
Analyses
Caco-2 cell protein was measured on samples that had been solubilized in 0.5 mol/L NaOH, using a semimicro adaptation of the Bio-Rad DC protein assay kit. A onestage, two-site immunoradiometric assay was used to measure Caco-2 cell ferritin content (FER-Iron II Ferritin Assay, RAMCO Laboratories). A 10-µL sample of the Caco-2 cell monolayer harvested in 2 mL of water was used for each ferritin measurement expressed per unit of cell protein (nanograms of ferritin per milligram of cell protein). The iron concentration in the dry, ground samples was determined by inductively coupled argon plasma emission spectrometry (ICAP model 61E trace analyzer, Thermo Jarrell Ash Corp.). Phytate analysis was performed by high-performance liquid chromatography (HPLC). All glassware used in sample preparation and analyses was acid-washed.
Statistical analysis
Statistical analysis of the data was performed with the software packages GraphPad Prism, version 4, and JMP, version 6.0 (SAS Institute . 1 ).
In Kenya, complementary food porridges either contain only one ingredient (e.g., corn or finger millet) or are made according to recipes combining more than one ingredient (table 1). Figure 1 shows ferritin formation in cells treated with 1.0 g of dry porridge ingredients. Among the base ingredients, although corn had a lower total iron content, as shown in table 2, according to the results in figure 1 it had a significantly higher amount of bioavailable iron than finger millet or sorghum (p < .0001). The low amounts of bioavailable iron in sorghum and finger millet may be attributed to the presence of iron absorption inhibitors, such as polyphenols [16] . Among the other ingredients, omena (dried sardine) had the highest amount of bioavailable iron; the amount was significantly higher than that in groundnuts (p < .0001). It is important to note that the total iron content of omena was about 10 times higher than that of corn, as seen in table 2, but the amount of bioavailable iron in omena and corn was not significantly different according to Tukey's test of statistical significance. Because omena is a source of cellular animal proteins that contain some heme iron, we would have expected to see differences between these two samples, and it is not clear why no significant differences exist. Experiment 2. Figure 2 compares the bioavailability of iron in some home-recipe porridges commonly prepared by mothers in Kenya. As seen in this figure, the home recipe that included corn + sorghum + millet + cassava gave the highest response in the Caco-2 cell model, which was significantly different from other recipes (P = 0.0003). The amount of bioavailable iron did not appear to correspond to the calculated iron or phytate concentration of the porridge mixes.
The data highlight two important aspects of the foodto-food fortification approach: the strategy should aim at reducing iron inhibitory compounds or ingredients in the diet, and the approach should concomitantly seek to increase the intake of foods that can enhance iron bioavailability. In figure 2, one combination of ingredients (corn, sorghum, finger millet, and cassava) has significantly higher iron bioavailability than the three mixtures with the lowest iron bioavailability (corn, sorghum, and cassava; corn, sorghum and groundnut; and corn sorghum and finger millet). A notable factor here is that all three mixtures with relatively low iron bioavailability contain three parts of sorghum. Hence it might be reasonable to argue that sorghum is an important iron inhibitory ingredient, and on a practical level, efforts should be made to find acceptable nutritional alternatives for sorghum in the porridge mixture.
The data also suggest that the addition of sweet potato, cassava, and/or omena consistently increased the amount of bioavailable iron in the home recipes. As shown by an analysis of the last four recipes highlighted in figure 2, a recipe that contained only corn, sorghum, and millet was compared with similar recipes to which either omena, cassava, or sweet potato was added. The increase in the amount of bioavailable iron in these recipes could possibly be explained by the fact that the addition of other ingredients (those that are low in iron absorption inhibitors) to the mixtures does reduce the proportion of the main ingredients (which are relatively high in phytate, polyphenols, or both) in the mixture. This could inadvertently reduce the amount of iron inhibitors in the home recipe, resulting in improved iron uptake by the Caco-2 cells. On the other hand, it is possible that these foods contain compound(s), such as cellular protein and some heme iron in the case of omena, that promote iron absorption [7] . Although the statistical analysis does indicate that the addition of sweet potato and omena did not significantly improve the amount of bioavailable iron in the mixture, the addition of cassava did significantly enrich the amount of bioavailable iron in the recipe. The results with cassava are in agreement with a study by Ariza-Nieto et al. [17] that showed that cassava may enhance the amount of bioavailable iron in a food mixture. Experiment 3. Figure 3 highlights three points. First, it shows that home recipes are not automatically inferior to commercial nonfortified recipes. The nonfortified commercial products and the home recipes have similar ingredients, such as corn, finger millet, and cassava, but the commercial products are more expensive. As seen in figure 3 , home recipes can be as good as or even better than some commercial products in regard to bioavailable iron. This is very encouraging, as it suggests that home recipes can be effective for mothers who cannot afford or do not trust commercial products. However, an efficacy trial is needed to test this observation.
Second, it is plausible, as indicated by the data in figure 3 , that using corn as a base for the home recipes could optimize iron bioavailability. Although the home recipe with corn as the base ingredient had lower iron content than the other two home recipes, it had a significantly (p = .0001) higher amount of bioavailable iron, which could be attributed to its lower polyphenol concentration.
The third point addressed in figure 3 involves a fortified complementary food, Cerelac, produced by Nestlé Foods. In addition to its main ingredients, wheat gluten and corn flour, Cerelac is fortified with several nutrients, including iron in the form of ferrous fumarate. As indicated on the label, one serving of Cerelac (25 g of powder added to 160 mL of milk) contains about 3.9 mg of iron, which translates to approximately 26% of the RDA for infants 6 to 7 months of age. Thus, when fed twice a day, as advised on the package, Cerelac would provide about one-half of the daily iron requirement for infants. Therefore, when compared with Cerelac, both the home recipes and the nonfortified commercial products fall short. As shown in figure 3 , the amount of bioavailable iron in Cerelac (which is at least five times that in the nonfortified recipe with the highest response in the Caco-2 cell model) was significantly higher (p < .0001) than that in the other foods, which indicates that the amounts of bioavailable iron in the nonfortified complementary foods are inadequate. Experiment 4. Previous studies using the Caco-2 cell model and breastmilk fractions have sought to explain the potential mechanism through which human milk enhances iron bioavailability in breastfed infants [18, 19] . The present study sought to determine if breastmilk, either added to the meal or consumed concurrently with the meal, affected the amount of bioavailable iron in the meal. Using varying proportions of milk to food, we observed that, as seen in figure 4 , the amount of bioavailable iron in the human milk samples was very similar, with a significant difference only between the 0.25-mL and 2-mL samples of human milk (p = .0255). The second part of figure  4 shows results from statistical analysis with Dunnett's method; with corn porridge as the control. Only the sample containing 0.25 mL of human milk and 1 mL of corn porridge had significantly lower ferritin formation values (p = .0023). From the hypothesis, it was expected that whole human milk would have a synergistic effect on the amount of bioavailable iron in the corn porridge.However, the increase in ferritin/ cell protein values is not enough to show any evidence of a synergistic effect.
Although the effect of whole human milk on the amount of bioavailable iron in a complementary food such as corn porridge is not clear from this experiment, breastfeeding should be promoted and encouraged where possible, because some studies have shown a beneficial effect of continued breastfeeding during the complementary feeding period [20] .
The mechanism by which human milk enhances the absorption of iron is not clear. It is plausible that human milk, by creating conditions that encourage the growth of bifidobacteria, conditions the gut to modulate iron absorption. Furthermore, a component of human milk, either a protein or an oligosaccharide, may be responsible for its enhancing effect on iron absorption. Further research on the subject should be supported.
Conclusions
As indicated by the in vitro results, food-to-food fortification of Kenyan home recipes has the potential to provide more bioavailable iron if complementary food recipes are modified to exclude iron-inhibiting ingredients or if iron-enhancing ingredients are included in the mixes. Because sweet potato, omena, and cassava are foods that could potentially enhance iron absorption and are readily available and relatively inexpensive, their inclusion in complementary food recipes should be encouraged. The information presented in this study is important for a number of reasons. It suggests that nonfortified commercial recipes are not automatically superior to nonfortified home recipes. Therefore, mothers who lack access to commercial flours or who cannot afford them can use home recipes for complementary feeding without compromising iron nutrition for the infant. In Kenya, there has been a proliferation of flours labeled "nutritious" based on food-to-food fortification. Our study indicates that diet diversification alone is not capable of overcoming iron deficiency and/or anemia during the complementary feeding period; thus, the government should be encouraged to consider establishing policies for mandatory iron or micronutrient fortification of cereal and complementary food flours [21] .
In humans, most absorption of dietary iron is carried out by mature villus enterocytes of the duodenum and proximal jejunum of the small intestine [22] . The in vitro iron bioavailability system/Caco-2 cell model used in this study is designed to mirror the conditions in the small intestine, and the Caco-2 cells act as a bioassay in which ferritin formation by Caco-2 cells is an indicator of iron uptake. However, one limitation of this model is that it cannot mimic all the conditions in the gut, such as the presence of microflora and their direct or indirect effect on iron solubility and uptake.
Still, despite these inherent limitations, the Caco-2 cell model has been very useful in addressing iron bioavailability issues, since it provides qualitatively similar results to human studies [23] [24] [25] . It is a quick tool for the initial screening of multiple foods and/or food combinations. However, it is important to note that although in vitro methods such as the Caco-2 cell model systems coupled with in vitro digestion can be used to generate ideas, develop hypotheses, and predict iron bioavailability in vivo, they do not replace in vivo models and cannot be used alone for important decisions concerning food selection. Ultimately, appropriate human studies will be required for such determinations [26] .
